In an effort to develop a general thermodynamic model from first principles to describe mixing behavior of lipid membranes we examined lipid mixing induced by targeted binding of small 
INTRODUCTION
Phospholipids self-assemble in aqueous environments to form bilayers that are capable of existing in either liquid or solid phases. [1] [2] [3] [4] The type of phase formed depends on various properties and conditions, such as head group structure, length/degrees of unsaturation of the acyl tails, and temperature. [4] [5] The addition of cholesterol to a binary liquid-solid phospholipid mixture can result in a tertiary mixture consisting of two immiscible, coexisting liquid phases.
Specifically, liquid-ordered (L o ) and liquid-disordered (L d ) phases are formed. [1] [2] [3] [4] These coexisting phases have distinct compositions and are able to selectively partition fluorescent probes and functionalized lipids. [6] [7] The selective partitioning of fluorescent probes allows for identification of phases via fluorescence microscopy, while functionalized lipids allow for phasespecific protein targeting. Phase-specific adsorption and binding of proteins has been of interest for the development of biomaterials for various applications, such as small-scale fluidic devices, biosensors, and high-density arrays. [8] [9] [10] [11] [12] Various mechanisms for attachment of proteins to functionalized head groups have been developed, such as disulfide coupling of thiols, 13 linkages via single-stranded DNA, 14 tethering via glycan-phosphatidyl inositol, 15 and biotinylation. 16 In addition to these, metal chelation can also serve as a method for effectively adsorbing proteins to lipid bilayers. 17 In this system, the lipid head group can be functionalized with either nitrilotriacetic acid (NTA) or iminodiacetic acid (IDA) groups. These groups coordinate divalent transition metal ions such as Zn 2+ , Ni 2+ , and Cu 2+ through four coordination sites, leaving two sites exposed to bind to poly-histidine tags that are covalently attached to a protein of interest. 18 IDA membranes are more favorable for switchable surfaces than NTA membranes, as NTA binds much more tightly to histidine tags;
IDA requires a 1000-fold lower EDTA concentration than NTA to remove bound proteins. 17, [19] [20] The two functionalized lipids used in this study, dipalmitoyl iminodiacetic acid (DPIDA) and dioleoyl iminodiacetic acid DOIDA, have been shown to partition into dipalmitoyl phosphocholine(DPPC)-rich L o and dioleoyl phosphocholine DOPC-rich L d lipid bilayer phases, respectively 21 (structures shown in Fig. 1A ). This is due in part because of similarity of tail structure of DPIDA to DPPC (a gel phase lipid) and DOIDA to DOPC (a liquid-crystalline phase lipid). In the presence of CuCl 2 , the phase-targeted binding of proteins to DPIDA and DOIDA, as well as other IDA-functionalized lipids has been observed extensively by Sasaki and coworkers. [20] [21] [22] [23] Recombinant histidine-tagged Green Fluorescent Protein (His-GFP) was particularly convenient for identifying targeted binding through the appearance of green fluorescence associated with the L o phase in L o -L d phase separated giant unilamellar vesicles (GUVs). Significant changes to membrane shape and morphology of GUVs, such as membrane bending and tubule formation, was observed upon various proteins binding to L o domains. [21] [22] [23] This behavior was attributed to the steric confinement of the bound proteins in combination with highly localized binding which resulted in the transformation from flat domains to highly curved structures. This phenomenon was most frequent when the lipid diphytanoyl phosphocholine (DPhPC) was incorporated into the membrane. NLPs are disc-shaped patches of lipid bilayer that have two amphiphilic membrane scaffold proteins (MSPs) surrounding the outer periphery, thus making the entire particle water soluble (structure shown in Fig. 1B ). The length of the MSP controls the diameter of the NLP.
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Recombinant histidine- 
The differential free energy (F) for a reversible process subjected to pressure-volume (P-V) work 
Integration of Equation 3 results in Equation 4
, which is the total contribution to free energy from steric pressure (∆F p ). 
In the integral limits, η i represents the fractional coverage of domains (i.e. an unmixed state), while η f represents the fractional coverage of the entire GUV (i.e. when the vesicle becomes mixed 
For the "per vesicle" basis, the ratio of free energy to kT can be as large as 10 orders of magnitude. This causes the exponential term to diverge. Therefore, Equation 9 is used to find According to Equation 7 , the steric pressure contribution to free energy diverges to infinity as η approaches 1. This would correspond to N mix /N unmix also diverging to infinity in Equations 8 and 9. However, an infinite steric pressure can be avoided if (N mix /N unmix ) approaches a finite, asymptotic value due to the presence of a maximal packing density (i.e. η max ), as observed in phenomena such as circular packing 36 . Therefore, data points with theoretical η values higher than ηmax should not be used for determining ΔFmix,. DPIDA (1,2-dipalmitoyl-sn-glycero-triethyleneoxy-iminodiacetic acid) 21 and DOIDA (1,2-dioleoyl-sn-glycero-3-triethylenoxy-iminodiacetic acid) 37 were synthesized according to previously reported protocols. Ni-NTA agarose was purchased from 5 PRIME, Inc.
MATERIALS AND METHODS

Materials
Tris(hydroxymethyl)aminomethane (MB Grade) and hydrochloric acid (12.1 N) were purchased from USB Corporation and Fisher Scientific International, Inc., respectively. All water used in these experiments was purified using a Barnstead Nanopure System (Barnstead Thermolyne, Dubuque, IA) with a resistivity of 17.9 MΩ•cm or greater.
Preparation of GFP and NLPs. GFP was dissolved in water at a concentration of 0.1 mg/mL, aliquoted into small centrifuge tubes, and frozen at -20°C. Individual aliquots were thawed immediately prior to binding experiments. NLPs were synthesized as previously described, 30, 38 with appropriate stoichiometric modifications for use with DOPC. Briefly, DOPC was doped with trace amounts of Oregon Green® DHPE (0.1 mol%) in chloroform, dried using nitrogen gas, then subjected to further drying under vacuum for 2 hours. The lipid film was rehydrated in
Tris Buffer (20 mM Tris, 100 mM NaCl, pH 7.4) containing 40 mM sodium cholate and combined with either MSP1D1 or MSP1E3D1 in lipid:protein molar ratios of 60:1 or 120:1, respectively. The mixture was then dialyzed over the course of 2 days to remove cholate and promote NLP synthesis. The final product was purified using Ni-NTA resin and eluted using 400 mM imidazole. The eluate was then dialyzed for a 24 hour period to remove imidazole and the NLPs subsequently stored in Tris Buffer at 4°C.
Lipid Multibilayer and GUV Binding and Imaging Experiments.
GUVs were synthesized using a standard electroformation method described in the Supporting Information. For binding experiments, a well consisting of polylactic acid (PLA) rectangular walls on a microscope slide was used to contain each sample. Chamber walls with dimensions of 1.5 cm x 1.0 cm and a depth of 0.2 cm were prepared using a 3D printer. To each well, the following was added: 300 μL of Tris Buffer (20 mM Tris, 100 mM NaCl, pH 7.4), 2.5 μL of 16 mM CuCl 2 (in water), and 20 μL of GFP or NLP solution. GFP and NLP stock solutions were prepared such that their final concentrations were approximately 3.8 μM. After mixing the contents of the wells, 18 uL of GUVs in sucrose was added to the well. Samples were allowed to set for 10 minutes to allow sufficient time for GUV settling and protein binding.
Planar lipid multibilayers (MBLs) were prepared by a standard spin-coating technique described in the Supporting Information. For NLP binding, 30 μL of 16 mM CuCl 2 was added to petri dish.
Afterward, NLP stock solution was added to reach a final concentration of 0.2 μM. To remove bound NLPs, 16 uL of 0.5 M EDTA was added to the petri dish. All mixing was done using a 1 mL pipette and in a manner such that the region in the immediate vicinity of the supported MBLs was minimally disturbed.
Imaging was performed using a 60X water immersion lens on a Nikon TE400 fluorescence DPIDA molar percentage in the domains was varied is shown in Fig. 3 . Cholesterol content was varied from 18 mol% (Fig. 3A) , 22 mol% (Fig. 3B ), 26 mol% (Fig. 3C ) to 30 mol% (Fig. 3D ).
In Figure 4 . In our ΔF p calculations, we assume that the projected area of GFP, which had a single histidine tag, was 10 nm 2 . We uniformly assumed 2.5 DPIDAs were bound per tag as in the work of Stachowiak.
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Projected areas for NLP1 and NLP3 ranged from ~45-65 nm 2 Fig. 3 , we used in the thermodynamic model an area of 65 nm 2 with one bound tag for NLP1 and two energetically equivalent cases for NLP3 -area of 75 nm 2 with one bound tag and an area of 150 nm 2 with two bound tags (see Supporting Information). Fig. 4 shows regressed plots using Equation 8 with cholesterol content increasing from 18% to 30%. In all of these plots, the experimental data was regressed against GFP, NLP1, and NLP3 samples simultaneously. Experimental data points within the "plateau" region (see Vertical error bars represent the standard deviation of triplicate measurments.
As shown in Figure 4A , for GUVs containing 18 mol% cholesterol as ΔF p was increased from 7.7x10 -23 to 1.9x10 -20 Joules/lipid, the ratio of mixed to unmixed GUVs exponentially increased from 0.01 to 2.9. The regression curve fit to this data yielded a ΔF mix value of (1.5 + 0. Fig. 4 yielded comparable values for ΔF mix but with significantly larger error bars (see Table 1 and Supporting Information). In GUV experiments, NLPs were found to be more effective at inducing mixing than GFP due to their significantly larger size. This trend in size dependent crowding behavior was previously observed with proteins of varying size but has never been observed using large molecular assemblies such as NLPs. 24 This trend inherently makes sense, as larger particles generally occupy more space per binding site, which results in larger particles exhibiting larger steric pressure at a given concentration. It would have been expected for NLP3 of diameter approximately 14 nm to generate significantly more steric pressure than NLP1 of diameter approximately 9 nm, assuming flat orientations with circular projected areas for both particles.
However, NLP3 and NLP1 were very similar in crowding behavior. For crowding efficacy, the ratio of the projected area to the number of bound histidine-tags is most important; the projected area and bound histidine-tags are directly coupled when calculating surface coverage (η) (See Supporting Information). As long as this ratio remains constant, it is expected that different particles (i.e. NLP1 and NLP3) will behave almost identically, despite a difference in size.
Therefore, similar steric pressures can be obtained in flat orientations if both histidine tags (i.e. divalent) on NLP3 bind to surface IDA groups while only one histidine tag (monovalent) on NLP1 binds to surface IDA groups. Alternatively, similar steric pressures can be obtained if both bind via one histidine tag but assume different orientations that lead to the same projected area, an upright orientation of projected rectangular shape of NLP3 and a flat orientation of projected circular shape for NLP1. In order to distinguish the most likely scenario for the orientation and valency of NLP1 and NLP3, we turn to the limiting surface coverage (ηmax)
which is related to the shape of the projected area of the crowding agent. would have to diverge towards infinity. This would require η (Eqn. 6 and 7), the fractional surface coverage of particles, to approach unity. However, there is a maximal packing limit associated with certain shapes. We found that these maximal limits (η max ) occurred around 0.92 for NLP1 and 0.94 for NLP3, corresponding closely to hexagonally packed circles where η max is 0.9069. 39 Therefore, both NLP1 and NLP3 likely have a flat orientation of circular projected area relative to the bilayer rather than an upright orientation of rectangular projected area in which a value of η=1 is attainable. 36 The similarity in mixing behavior despite the large difference in projected circular areas indicates that NLP1 and NLP3 bind the surface via monovalent and divalent interactions respectively. This difference in valency could be related to structural differences in MSP1 and MSP3. For example, the N-terminus of MSP1 includes a flexible, loosely-membrane-associated, region 40 where the histidine tag is located, that may form a copper-histidine complex with histidines on a neighboring MSP1, rather than with surface IDA lipids. This flexible region has been truncated in the case of MSP3 -the histidine tag is located in the membrane-associated region of the N-terminus. 
CONCLUSIONS
We examined the dissolution of membrane domains through the phase-selective binding of large 
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